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SUMMARY

This thesis focuses on understanding the chemistry involved in a variety of
surface modification reactions, both on metal oxides and graphene. In the last few years
the application of phosphonic acids to metal oxide films has become a popular means of
modifying their surface properties, including work function and surface tension, which
are important for transparent conductive electrodes in organic electronics. In this work,
the rates of chemisorption of a prototypical phosphonic acid on ITO under several
procesing protocols are measured using XPS to determine the optimal procedure. UPS is
used to track the dependence of the electronic structure of the system, specifically of the
work function and position of the valence band maximum on coverage.

Phosphonic ad monolayers with appropriate tail groups can also be used to
initiate chemistry from surfaces, which has potential for building layers of organic
electronic devices, including organic solar cells and capacitors. The growth -of non
conjugated polymers fronBaTiO; nanoparticles using a facile ATRP technique is
studied via solutiosphase and solidtate techniques to determine its applicability to
make matrixfree composites for hybrid dielectrics. In addition, the surface chemistry
involved in Kumada CatalySransfer to grow polythiophene derivatives from ITO is
examined via XPS.

Finally, the newly emerged alternative for replacement of ITO as transparent
electrode, graphene, is and pdoped using redeactive, solutiorpprocessable metal
organics, which ioreased its conductivity and allowed the work function to be tuned over
a range of 1.8 eV. The systems are characterized in a systematic study, and the results are

promising for future applications of graphene.
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CHAPTER 1 INTRODUCTION AND BAC KGROUND

1.1 The importance of surfaces and surface chemistry

Surface science deals with the physics and chemistry at interfaces, be-it solid
liquid, solidgas, solidvacuum, liquidgas, or liquidliquid. Surfactants, substances that
adsorb onto surfaces and interfaces, Haeen tremendously important for industry for
dispersion and floculation applicatiohhey are ued daily, as in the case of detergents,
to make Adirto di spersable in water and
micelles.

Regardless of surface area to volume ratio, several properties of a hattrea
final analysis depend partially or even completely on the surface. For instance,
heterogeneous catalytic activityadhesior!, and contact resistariteare critically
dependenbn the nature of thesurface; lence the importance of surface engineering,
which we can define as manipulation of the surface properties through physical processes
and chemistry. The roughness of a surface can affect the hydrophobicity of a material,
and is a major contributor to thets flower ultrahydrophobicity. The chemical
modification of a surface can be used to create-camtbsion films for metal8,séf-

cleaning glas$, antifodf and antifouling coatings, among other applications.

1.2 Organic monolayers on oxides

Within surface science, the deposition of ultrathin layers of atoms and compounds
(submonolayer, monolayer and féayer coverage) has beeaxtensivelyresearched.
Monolayers consist of odayer thick coatings on a surface, be it flat, spherical or
irregular. Given that the surface affects the interfacial properties, one monolayer can
induce remarkable changes on theerfacial behavior of the surface. Using organic

molecules as building blocks for monolayers offers the possibility of choosing the



functionalities needed for a particular surface in a particular application through rational
design and synthesis.

The nolecules usedas monolayerforming modifiers can typically be broken
down into the anchoring (head) group, spaaad tail group Figure 1.). The choice of
head group will determine the affinity for the surface and the possibility or absence of
homao-condensation with other molecules during deposition. The spacer group will (in
part) determine the intermolecular interaction between neighboring molecules on the
surface, as well as define the separation between anchoring group and any functionality
that is paced at the end of the molecule. It can include alkane chains or conjugated
moieties,such asings, as the backbone. The tail group can consist of merely an inert
capping group, or include ahemically reactive moiety. Tail groups willargely

determinethe wettability of the modified substrate for subsequent layer depositions.

Anchor )
(head) Spacer Tail

—

Figure 1.1Monolayer coating of a metal oxide with an organic modifier.

Selfassembly and LangmuBlodgett flm transfer havéoeen the main methods
for monolayer deposition from solutidhin selfassembly, a grafting group positions the
molecules on the surface, and the molecular interactions from the spacer groupesrgani
the monolayer. In the Langmti#lodgett technique, an ambiphilic monolayerms on
the air liquid interface. This can be transferred to a solid substrataniyersing (or
removing) the solid into (from) the liquid due to distinct affinity of the nayer for

each of the phases involv&dSurface functionalition of gold surfaces with thiols and



their derivatives has been extensi vieely
iconic system to examinenany basic sciencejuestions related to sessembly?® In
addition, seHassembly of hHiols on gold has enabled a variety applications in
biomedicine, dispersion of nanoclusters in polymer matrices and solvents, blocking of
sites for anisotropic crystal growth, electrochemical methods? etc.

The work presented in Chapteés3 and 4of this dissertation focuses on the less
extensivelystudied surface modification of oxides, geared towards organic electronics,
using phosphonic acids as anchoring moiety. The next segiowle a shortoverview
on why this thesis focusesahis particular grafting group, and a brief summary of
analytical techniques thahave been used by the surface science community to

characterize interfaces

bl 4], £,
§§ % % % %%5 % % % % % =~ Flat surface oxides eroamo modier Oxide nanoparticles J\J\“‘gﬁ %
(ITO, AlLO;, etc) (BaTiOs, TiOZVFI):e3O4, etc) = r‘?gé‘%ﬂﬁ%’h

Figure 1.2Monolayer coating of oxide flat surfaces and rnaarticles.

1.3Physisorption and chemisorption

The attachment of small molecules to oxides can occur through physisorption or
chemisorption. In physisorption, the interactiomaktively weak, such asan der Waals
forces,weak coordinae bonds, or hgirogen bondsThere are typically small activation
barriers for physisorption, and the dissociation energy of the modifier from the surface is
low. In chemisorption, new covalent bonds are formed, with dissociation energies that
can be ordersf-magnitudenigher than physisorption. Chemisorption is characterized by
chemical specificity, with changes in electronic states detectable by suitable physical

means, and an elementary step involving an activation enbrgyigure 1.2 a one

r
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dimensional potential foa system consisting of an atolapproaching a surfaae is
shown. The interaction is favorable at the physisorption well, and even more so in the
chemisorption well, buA must come with a certain kinetic energy to overcome the
energy barrierEags Typical chemisorption energies are -180 kcal/mol, while
physisorptionenergiesare2-10 kcal/mol**

When the attachment is due to physisorption, the coating may be easily removed
via heat, solvents, or sonication. Reversal of the behavior back to the initial untreated
surface properties upon exposure to anyhesé removalechniquesan indicate if the
attachment is only through physical adsorption. The same anchoring group that leads to
physisorption in a given oxide can lead to chemisorption in a different one (for example,

a carboxylic acid on indiuftin oxide vs. on titania); also, the modification protocol can

be changed to favor chemisorption over physisorption, through heating for eXample.

Nep  avo

Physisorption l

Eges well
Qaqs (0 K)

Energy

A-o

Chemisorption well

Distance above surface, z

Figure 1.3 Energetics of chemisorption vs. physisorption. A -direension
representation of the potenti al energy of
approaching atom A. No energy barrier is presented for physisorption. Modified from

Kolasinskil*

Most of thereportson o xi de modi fi cation, particul

2 0 0 Oused, carboxylic acids and alkoxy/halesilanes as anchor groups. Other



functionalities that can be found in the literature include acyls, thionyls and
phosphoryls? amines;” hydroxamic acid®!® sulfonates? and ecently there has been a
surge in the R&D community of a variety of phosphorus based moieties, including
phosphonaté8 and phosphatés. Chapters 2 and 3 of this thesi®ncentrate on
phosphonic acids as anchoring groups for modification of metal oxide surfaces with

applicationgn organic electronics.

1.4 Analytical techniques for characterization of monolayers

The signailto-noise ratio ofmanytypical analytical techniques is nsafficiently
good for analysis of surfaces, especially whmnsideringflat surfaces gign the
ultrathin path lengths and small amount of material on top. Nonetheless, there are a
number of analytical tools thaanhelp determine if a monolayer is formed and pritize
nature of attachment presentAn analysis of observations froma combinéion of
techniquegrovidesmore informationto enable one tpaint aself-consistenfpicture of
the detailed structure of the modified surfa@ome techniques that are helpful in
determining coverage include thermogravimetric analysis (TGA), quarsal
microbalance (QCM), »ay photoelectron spectroscopy (XPS), redge Xray
absorption fine structure (NEXAFS), contact angle (CA), cyclic voltammetry (CV),
scanning probe microscopies (such as atomic force, AFM), electron microscopies, and for
very smdl, dispersable nanoparticles, nuclear magnetic resonance (NMR) and
ultraviolet/visible spectroscopy (UV/Vis). There are also techniques that can help
elucidate binding modes; in the case of chemisorption, multiple bonds might be formed
between the organ&nd the oxide. For instance, infrared spectroscopy (in transmission or
dispersion mode for nanoparticles, and in reflection mode for flat surfaces) is one of the
most powerful tools, along with Raman spectroscopy. Solid state (SS) NMR and XPS can

sometima be helpful as wellA brief explanation of some of these technigtthese that



were used for this thesis, or are =9part
presented below, and more detailed explanations are offered throughout the text as
needed.

In XPS, Xray radiation ionizethe atomsat the surface (and a few microns in) of
the sample. Electrons from atoms tbaginate within0-10 nm from the surface are able
to escape with a probability of escape proportional to a negative expgaiern the
distance from the surface. These are collected by the spectrometer detector, which
separates the electrons as a function of their kinetic enefidiese kinetic energies in
turn relate back to the orbitanergiefrom which they originatedT'he intensities of the
peaks allow one to determine the relatat®mic concentrationat the interfaceand
given that the chemical environment changes the orbital energies slightly, information on
the functionalities present can be also be extraotedne casesDetection limits as low

as 0.1% atom concentrations can be achié¥ed.

(Detected enegy)

BE= hv - KE - 4o Kinetic energy
BE= 1486.6 - 950.6 - 6.0 (KE, eV)
BE = 530.0 eV
Vacuum level
Vacuum level bsp | 6.0
s 4.
[ e B s Iebt Gt E
Binding y
energy -4 A 10-10 nm
(BE, eV) S
; O1s 0-10 pml
Sampe 5 Spectrometer (59 —
~1mm
(@) (b)

Figure 1.4XPS fundamental processes: (a) Energetics of the process of photoemission
and detection of associated kinetic energies from which the binding energies can be
deduced. (b) Schematic of the instrumentation (top) zowm into the analysis area
(bottom). The Xrays are generated by electron impingement on an Al anode and

of



monochromatized using a quartz crystal. The photoelectrons are detected using a
hemispheric analyzer. The-bdys penetrate a few microns into the phan but only
electrons emerging from the top 10 nm are released into vacuum and detected. (b) was
modified from Haasch®

AFM is oneof many scanning probe microscopies. In intermitemttact mode,
traditionally used to probe monolayers on oxides, a cantilever is stimulated through a
piezoelectric crystal to oscillate at its resonance frequency at a given amplitude such that
the tip enters for short periods of time the shahge force field of the surface being
probed. Normally, a digital feedback mechanism is in place to adjust the amplitude of the
cantilever oscillation so that it is constant, and an image suggestive of the pipogra
drawn based on the adjustment of the cantilever height needed to keep constant
amplitude. Given the short interactions with the surface in intermittent contact tapping
mode, damage to the sample is usually avoided. A phase image can also bel,obtaine
which consists of the phase difference between the commanded oscillations of the
piezoelectric and the oscillations detected by the feedback loop, dictated by the
compositional differences of the samp@n atomically smooth oxides, the coverage by
modifiers can be observed as height differences or phase differences, but for
polycrystalline substrates it is hard to discern molecules from the substrate and is used

instead only to determine roughness or check for morphological changes.
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Figure 1.5Schemat of intermittentcontact mode AFM system.

In infraredreflection absorption spectroscopy (IRRAS), a grazing angle geometry
is used to collect information on surface vibrational maatesan IRreflective substrate
A stationary wave perpendicular to thigrface results from the incidence of an IR ray on
the surface, where the incident and reflected beams interfere construdtigele (1.6
In Figure 1.® the amplitude of the electric field on the surface is plotted for this
perpendicular wave. Theaegltric field is remarkably enhanced at high grazing angles.
Only vibrations with a dipole moments aligned perpendicular to the surface can interact
with p-polarized light. By comparison with the infrared spectrum of the modifier itself,
binding modes cabe identified, and orientation can be determined via careful modeling
of the vibrational modes of the attached moleculslarization Modulation (PM)
IRRAS can additionally increase sensitivity by acquiring theapd spolarized light
(quasi)simultanealy and then doing a ratio of the two. Fractions of a monolayer can be

detected depending on the system being prébed.
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Figure 1.6(a) IRRAS experiment: incident beam'YBn a surface in a grazing angle
geometry. sand pcomponents of the ingent beam are shown in blue, andasd p
components of the reflected beam Er are in green. Constructive interferengef E

give rise to BY, which will have a relative amplitude with respect to the incident p

pol arized field depende[;U/tEp')?,rasshdwein(b)n(cb)i dent
Modified from Hayderf>

In cyclic voltammetry (CV) for analysis of monolayers, a conventional three
electrode electrochemical cell is used wherein the surfanxtéfied electrode serves as
the working electrode. The potential acdbe cell is ramped linearly with time until a
redox process of a given species in solution (or at the tail group of the monolayer) is
observed as a change in current; then the potential ramp is reverted to observe the
reversible redox reaction (if poskalp. The properties of the working electrode determine
in part the shape of the curve observed, and hence information on monolayer quality and
thickness can be inferred from peak (potential) separations and the currents registered.
These values can be dsé determine charge transfer rates through the monolayers,

compared with different monolayers and against the bare (unmodified) electrode.
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Figure 1.7Schematic of a CV measurement. The working electrode (W) will have the
surface being probed. A coentelectrode (C) completes the circuit and a reference
electrode (R) serves to calibrate the potential. From AfS©.

Nearedge Xray absorption fine structure spectrosgdNEXAFS) can be used to
evaluate the order and quantify the molecular tilt angle of monolayers on oxides. It is a
form of X-ray spectroscopy that uses high intensity, monochromatic, linearly polarized
light from a synchrotron source to measure electraitsitions near the absorption edge
of an atom present in the near surface (few fintjnearly polarizedX-rays from a
synchrotron source are absorbed through excitations of core electrons to antibonding
orbitals above the vacuum or Fermi level. The created holes are then filled by Auger
decay (see figure below). The intensity of the emitted primary Auger electronseand th
photoelectrons are a direct measure of thrayxabsorption. Analyses of the electronic
transitions near the carbon-dédige are commonly used to characterize order in
monolayers with longhain alkyl group$® The cross section for these excitations is a
functi on of the I|inearly polarized | ightds
collecting spectra at multiple angles of incidence the amount of alkyl chain alignment can

be assessed.
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Figure 1.8NEXAFS for a diatomic molecule: the-day radiaton takes a core level
electron to an antibonding orbital; an electron from another level fills the hole, releasing
energy in the process that will ionize another (Auger) electReproduced from Stoff.

1.5Phosphonic acids as monolayers

1.5.1Attachment modes to oxides

The general structure of a phosphonic acid (PA) is shmvthe left inFigure 1.9
PAs display thregeminalbonding sites: the acidic hydroxyls (pKL-4, pKa2 5-9) and
the phosphoryl moiet§? The phosphonate group has great affinity for metal oxides,
which explains the abundamof natural clays that consist in part of metal phosphates.
Phosphonic acids offer the possibility of siatiting monolayers given that the strongest
interaction is between the metal oxide and the anchor group; homocondensation to form
P-O-P bonds is no favored except understricly anhydrous conditions at high
temperatured’ and unless another anchor group is in the tail, there shouéd vesy

limited driving forceto make multilayers other thahe weak physisorption of unreacted
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molecules lying on top of the monolayer, which can be removed through rinsing and

sonication’ Given that there are three oxygatomsavailable for reaction with a metal

oxide, multiple binding modes to the metal oxides are posdtiere 1.9.
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Figure 1.9(Left) The phosphonic acid functionality connected to a miRRespacer/tail.
(Right) Some possible binding modes of phosphonic acids to a metal oxide surface. M =
metal: Monodentate (a and b), bridging bidentate (c and d), bridging tridentate (e),
chelating bidentate (f and g), chelating tridentate (h), and sawssilgle additional

hydrogen bonding interactionsi(il). Modified from Mutin,et a

2
13

Figure 110 showssomeplausible mechanisms for attachmerfita phosphonic

acid to a metal oxide surfacéhe P center can act as electrophile for nucleophilic surface

hydroxide groups with cleavage of®H and formation of FOM (route 1) and/or a

Lewis acid/basenteraction between the phosphoryl and the metal center can initiate the

heterocondensation (route 2).
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Figure 1.101) Mechanism of phosphonic acid attachment to poorly Leweidic metal
oxides: a) heterocondensation thi a surface hydroxyl group,b) second
heterocondensation with the surfacg,bidentate bound statd) hydrogen bonding of
phosphoryl group with surface hydroxg). Mechanism of phosphonic acid attachment to
Lewis acidic metal oxide) initial conditions,f) coordination of the phosphoryl oxygen

to a Lewis acidic site on the surface followed by heterocondensation with the now more
electrophilic phosphorugy) additional heterocondensatioh) final tridentate binding
state. Reproduced from Hotchkissal.*®

Binding modes have been determined usindtipla techniquesFigure 1.11
shows vibrational characterization througf?M-IRRAS of octadecylphosphonic acid
modified indiumtin oxide (ITO)in the regpn wher e t h e absbrptiens c hi ng
occur , and comparison with the free acid
stretching mode is still present on the modified substrate, while-thédRabsorptions
appear to have faded. This is consistentvsitructure 1d irFigure 1.9 Figure 1.12
shows that XPS can also Welpful to gain insight into the bonding mode of the
phosphonic acidhere a comparison between the O 1s XP spectra of the powder of
octylphosphonic acid (OPA) and OPA modified ITO isdmaDFT calculations predict
that there will not be any protons attached to any of taeddnds, which is consistent
with the XPS data, which shows no overlap between the modified ITO and@hd P

component of the O 1s spectrum of the powder.
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Figure 1.11 Comparison of the ODPA transmission FTIR spectrum (top spectrum) and
the PM IRRAS spectrum for an ODPA modified DSC/Qfeated ITO surface (bottom
spectrum)O)i nrecieom.(P I nset: SpH)cegiond! compar
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Figure 1.12Experimental Ols core level XPS spectrum for OPA adsorbed on the ITO
surface (dots), fitted with components calculated at the DFT level (yellow, blue, red
lines); gray baseline corresponds to fit error. The three main comgoofetine DFT fit

are at 529.5 eV (bulk O); 530.0 eV (surfacé@inln and SinO speciey and 531.1 eV

(P Oi'In, P=0...In, and surface il®H). An additional peak at 532.6 eV was used to
complete the fit (light blue). XPS spectrum of isolated OPA powdash@d line) is
shown for comparison, along with synthetic peaks for P=0 (pink) a®eHP(orange)

and an extra component (likely contamination, in gray). Modified from Paramehov,
al.®®
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1.5.2Comparison with other anchoring groups

Silanes have beesxtensivelyused for silica/glass modificatidt® as well as for
indiumtin oxide (ITO)3*“° and are readily available for commercial applicatiofs.
variety of termimtions (RSi-X3, X=Cl, alkoxy and other hydrohable groups)nay be
usedthat affect the reactivity with the oxid&;for instance, trichlorosilanes are very
reactive. It has been well established that high quality-assiémbled monalers
(SAMs) are difficult toproduce using trichlorosilanes given the strict control of water
content and concemtion needed to avoid homocondensation reactions leading to
multilayers (Figure 1.13.3 It is commonto prepareakoxylsilanes which give better
stability and reaction control. Ethoxgrminated danes give more controllable reactions
then their methoxyanaloguesEven this slower reacting moiety needs optimizatbn

surface modification conditiorte avoid multilayer formation, as shownhigure 1.14

R OHOH OH OH OH

|

¢l
A H,O £ HyO \4?0
R
HO

i
L R
oSOy gy
R Ro R R R Trs®so0
CI-Si-Cl

y Lo N

Si 0-8i-0-Si-0-Si  HO-§-0 O;Si'R

FARY ! ] N

O OHO O OH O OQHOO 0 OH 0" O OH
]

Partial monolayer ~ Dense monolayer Multilayer

r HO_ R
' Si—

Figure 1.13Schematic representation obgsible outcomes of trichlorosilane reaction
with an oxide surface as a function of water content. Reproduced from ML’
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Figure 1.14Top: Scheme on alkoxysilane anchoring on aatnexide (the silane shown

is the prototypical &minopropyltriethoxysilane, APTES). Bottom: AFM
characterization of films prepared under different reaction times, concentrations and
temperatures. Reproduced from Howarter and Youngbtbod.

For carboxylic (fatty) acids, the driving force for attachment to metal oxides is
usually hydrogen bonding with polar groups on the surface, or formation of a surface salt

between the carboxylate anion and sheface metal cation.

z é I i é
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—_— >
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Figure 1.15Grafting of carboxylic acid to metal oxides vialddnding (left) and salt
formation (right).
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Carboxylic acids have beelepositecon various substrates for organic electronic
applicatons, for improving charge collection through work function tuning or surface
energy engineeriri§*®* and are anchoring group of choice for dyesdyesensitized
solar cells'* Nonetheless, in the last decade, the use of phosphonic acids to a variety of
metal oxides has propagated, challenging tmeminant role of carboxylic acids,
especially on alumia’®*’ and on indium tin oxide (for organic eleatio
applicationsy>*®*® A study by Vercelli and coworkers points out the differences
between using carboxylic acids (CA¥. phosphonic acids (PA); they compared the
coverage ofe-ferrocenylhexyl tail groupwith a CA or a PA anchor groupn ITO by
CV.* They found that under the same modification protocols, the PA gave a coverage of
4.23 10° mol/cnf, while the CA gave 3 10"° mol/cnf (ideal monolayer coverage was
estimated at 4.5 10"° mol/cnt). As Figure 1.16shows, the voltammogram in the case

of the PA is very symmetric, indicative of fast and reversible electron transfer from/to the

electrode. The film was also robust (survived multiple cycles).

Figure 1.16Cyclic voltammetry of hexylferrocenphosphonic acid in 0.1 Mus;NCIO,
adsorbed onto ITO from EtOH solutions at AJld and B) 10° M concentrations.
Reproduced from Vercellgt al*
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1.5.3Synthesis of phosphonic acids

There are multiple approaches to making phosphonic akidthe Michaelis
Arbuzov reaction an alkyl halide reaatith a trialkylphosphite to form a plsphonate
precursor Figure 1.17. It typically providesgood yields ands performed byrefluxing
of thealkyl halide inneat triethylphosphite. If the purity of the starting materidigh,
after removal of excessiethylphosphiteunder vacuumno addiional purification will
typically be required for the phosphonate. Another approach is the MiciBaslicer
reaction, using diethylphosphite in the presence of aBaEee conversion to the acid
can be done in a variety of ways; the indirect methodology consistireplacement of
ethoxy groups for silyls and subsequent deprotection with water is of widespread use
nowadays?

The MichaelisArbuzov reactionis not applicable to phenyl halideso other
approaches are pursued, such as light mediated coupling, Hiraecoumsg using
dialkyl phosphites Kigure 1.18 and other related transition metal catalyzed reactions.

These strategies are nicely reviewed in a recent report by Bujoli and cowdrkers.

Michaelis-Arbuzov <
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Figure 1.1MichaelisArbuzov and Michaelideckerconversion of alkyl/benzyl halides
to the phosphonate and subsequent hydrolysis.

18



e
Ar /\OJP‘O
~X
X<g, \K‘
hy \_0 H* HQ

\ \ A
P,Ar - . P\’ r
OH

Hoow AX
2N A
"% ¥=®

Figure 1.18JV light mediated conversion of halide to phosphonate, Hirao -cagsling
of halide with dialkyl phosphite, and subsequginéct conversion to the acid.

1.5.4Deposition of phosphonic acids on transparent conductive oxides

In the last 15 years, several repdres/e been publisheof phosphonic acids for
modification oftransparenelectrodesespecially ITO, which is not sprising given that
it has been the most widely used transparent conductor used in commercial applications.
Reportsvary in terms of surface preparatigoleaning conditions deposition protocols,
surface analysis and properties after deposition, dealw#cation / characterization, and
theoretical studies on binding modes and work function changes. Beforeingelnat

has been donéT O itself will be briefly introduced.

o

HO‘Ig..rwR
HO *
OHOH O OH OH » monolayer
[ AN | L RS TO
Metal Oxide Metal Oxide Glass

Figure 1.19Left: surface modification with phosphonic acid to increase sidheof
deposited organic on the surface. Reproduced from Hotclekiak™

1.5.4.1Crystaland electronic structure of indiutimn oxide (ITO)
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Low resistance commercially availabl€O typically consists of polycrystalline
In,O3 with Sn substitutions for Indium in ~3™4 % of the sites sputtered depodites
films ~100 nm thick on glass or plastisnnealing under anoxic conditions results in
oxygen vacancy sites, leaving a pair of electrons befiigdich dopings result in the
electronic structure shown Kigure 1.2Q0where the additional electrons introduced result
in the Fermi level shifted close to or withihe conduction band minimum (see Section
1.5.5)® which confers it remarkde conductivity in thin films while maintain over 90%
transparency in the visible rantfe.Figure 1.20shows a crossection schematic of a

cleanITO film, where a clean, hydroxylated surface due daction with moisture is

present?
In: 5p
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Figure 1.20Schematic view of the frontier orbitals in ITO thin filrff&at bands) High
concentration of xygen vacancies produce electnoch bands that with energies high
as the In 5s orbital®oping with Sn introduce additional electrdnh sites Significant
doping results in the Fermi level lying in the conduction bakahpted from Fan and
Goodenough®

OH
O .0,
Hydroxylated /,, / \ > / A 2 NI AN
surface |,,// \\\\ \ ,'”//,, \\\\‘”\ /S”/,,, _— .

N
N
"
o, O, 9 0]
Ty, / \ S / \ T, QR
/// // \\\ //S o //l N S

n

| n In
\$
Bulk / ’f/, \\\ \/ “,, \\\\\ NS S S
’ // \\ \\ /" \\\ 7 \\

Figure 1.21Cartoon for the crossection of indiurrin oxide
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1.5.4.2Literature precedents gzhosphonic acid deposition on TCOs

Some of the earliest reports on the use of PAs on ITO adapted the methodologies
for other anchor groups or other oxides such as 8iGnica (a silicate with K, Mg and
Al cations). The deposition of PA on atomically fai ca was studied 1 n
D. K. Schwartz and collaboratot$®® One of the techniques they used to track adsorption
over time was atomic force microscopy (AFNFigure 1.22shows ex situAFM images
of mica that has adsorbed octadecylphosphonic acid from tetrahydrofuran. In the first
couple of minutes, small islands (< 10 nm diameter) are seen, which grow as time
progresses. The coverage data acqufrech AFM did not fit properlyto the usual

adsorption and growth kinetics model where the coverage is proportional (by a constant
U with time t g=at;Howetet, & ithe npodehi® modified to account

for interfacial transfer when the substrate is brought into/out of the sohgmmnhat
g=at" +q,(1- at”)- w h e ris praportional to concentratipthe data fits much better.

This additional term is attributed to a quasngmuir Blodgett deposition the
physisorption methodology mentioned earlier in the chapter that relies on transfer of

films from different phases through application of pressure.

.25
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Figure 1.22 eft: AFM images { em x 1 em) of mica surface exposed to 0.2 mM ODPA
solution in THF. Gray scale represents 5 nm height. Reproduced from Wooetald,
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Right: Coverage data for experiments at two concentrations, fitted ¥4 fartction.
Reproduced from Woodward al®°

The nature of the attachment was not discussed (presumably the layers are only
physisorbed), but a modification of this method would Herlaleveloped by the J.
Schwartz group f r U forbbndingtptosphori@acitisyto tileh&ided s ,
oxide of silicon. In their procedure a substrate was held vertically in a solution of the
phosphors acid in THF below the critical micelle concentration, and the solvent allowed
to evaporate slowly, with the purpose of taking advantage of the -amgmuir
deposition first described by D. K. Schwa
aggregatiorm n d g r eBAG)hWash{ng this film in dilute base would remove most
of it, so in order to make the film more robust they would treasubstrate subsequent to
depositionto covert the surfacadsorbed phosphonic acid to surféoeind phosphonate.

They used IRRAS to determine that the phosphonate functionality was present on the
surface, quartzrystal microbalance (QCM) to quantify packing density, and AFM to
probe the thickness of the layer, all giving results consistent with a chemisorbed

monolayeron the oxide of silicon.

I—‘k sample holder H

- == | phosphonic
acid film

Si—f=

dissolved |
phosphonic acid

slow solvent
evaporation

Y

~R
f (f Ol .' ? df‘
g- 1. DDPA 1. 4TF'A 9. Q.
2. Heat s|02 2. Heat
ODP/SI0/Si 4TP/SIOL/SI

Figure 1.23T-BAG setup and chemical reactions on the native oxide of Si. Reproduced
from Hansonet al*®
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T-BAG for the native oxide of silicon would later be adapted for ITQhovit
any characterization other than QCM on a film prepared on ITO with Qif7G@e
concentration (0.1eM) used °fSome ofaHeit resolts h e r

from devices using the modified ITOs aregented in subsequent sections below.

Chen and coworkers examined several solvents for deposition of PAs di ITO,
including triethylamine,diethyl ether, tetrahydrofuran, pyridine, acetone, methanol,
acetonitrile, dimethyl sulfoxie, and water. They compared the CV, contact angle, and
XPS for monolayers of phenyl-aminobenzyl, rcotadecylphosphonic acids as well as
16-phosphohexadecanoic acid, created using the same modification protocol. Preparation
of the monolayers consisted mnmersion of solvent/basdeaned susbtrates in 1 mM
solutions for 24 h followed by rinsing in the solvent and annealing for 24 h at 200 °C to
promote covalent bonding, followed by rinsing with water. P/In XPS ratios were used to
assess coverage for a @iv phosphonic acid. The electrochemical behavior of ITO is
changed when covered with the phosphonate films, as the peak separation between the
oxidation and reduction peak a redoxactive species in solution gependent on the
rate of electron transfemlhis could be used to assess not only the extent of defects on a
monolayer, but also to track the stability of the monolayers upon electrochemical cycling.
To directly observe the defects, underpttdrdeposition of Pb was usedead would
only deposiin bare ITO sites given that less overpotential is requo@eposit the metal
on the electrode than to nucleate it in the bulk solufitve lead could be quantified by
scanning tunneling microscopgnd XPS. The conclusion was that high quality
monolayers were obtained with the lower dielectric constant solventsditiatot have

nitrogengroups to complex to the ITO.
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Figure 1.24Representation of phosphonocarboxylic acid monolayer quality dependency
on solvent used. From Chezt,al®

Losego and collaborators studied the deposition mbnolayers of
alkanephosphonic acids with chain lengths between 8 and 18 carbons on ITO deposited
on atomically flat Si@?® Nearedge Xray absorption fine structure (NEXAFS)
spectroscopy expenents were conducted to evaluate the effects of chain length. Before
depositing the SAMs, organic residue was removed from the ITO surface via a 10 min
UV ozonolysis treatment, after which the ITO samples were immediately immersed in 1
mM ethanolic solutins for 12 h, time after which the samples were rinsed with ethanol
and tetrahydrofuran. They determined that lohgin SAMs are more highly ordered,
and have a smaller tilt angle, than skadrain SAMs. They also found that only when the
ITO surface rougness becomes greater than the modifier chain leldth ) that these

alkanephosphonate films become relatively disordered.
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Figure 1.25 NEXAFS-derived results for high-quality ITO coated with
octadecylphosphonic acid with increasing immersion tifiesm Losegoet al®®

Chapter 2 of this thesiexamineschemisorption kinetics of PA deposition on
indiumtin oxide from ethanol, and a brief review on the latest efforts of the surface
science community to learn more on the deposition of PAs from pdlenss on various

metal oxides is presented there.

1.5.5Modulating the work function of indium tin oxide (ITO) other TCOs

Electrons in solids follow FerrDirac statistics, as iikquation 1.1 where f(E),
the probability of finding an electron at an ene(§) depends on kT and a reference
energy E known as the Fermi level, at which the probability is 1 whenOrK, but %2

for any other T.

Equation 1.1 V0 —5—forT>0K

A material will have a desity of states dependent on its components and its
crystal structureln metals, the occupied states overlap with the unoccupied states, and

hence there is no band gap. In semicatahs and insulators, there is no overlap, and a
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band gap is present. In any case, the extent to which those dranfiked depends on
temperature and the Fermi energy, as showkigare 1.26 At T = 0 K, no electron will
populate bands that lie higherenergy than the Fermi level. For metals, this is the top of

the valence band. For an intrinsic semiconductor or an insulator, it is in the middle of the
band gap. As T increases, it becomes more feasible for electrons to fill the conduction
band, and tb narrower the band gap, the more likely it is to find electrons in the
conduction band. The vacuum level, the energy at which electrons become unbound from
the system, can be used as a reference to compare the position of the Fermi level between
different materials.The energy required to remove an electron frogmakd place in

vacuum is known as the work functiéni ) .

0 f(E) 1
—
VL A A
CB ¢ CcB ) CB
E A
BG - < -

(a) (b) (c) (d)

Figure 1.26(a) Electronic structure of a metal at=TO K. The Fermi level E vacuum
level VL, conduction band (CB) and valence band (VB) are shown). The Beraa
di stribution is represented by tEkdonced tr e
structure of the metal at¥> 0 K. (c) Electronic structure of a semiconductor at0'K,
with a band gap BG and wor k>0Kinction 4dG. (d

Figure 1.27/hows how the Fermi level position changes in the case of intnmsic,
doped and fmoped semiconductors. It is clear that for doped semiconductors the Fermi
level tracks the density of states and carrier concentrations. Hence, the work function can

serve as a reference to tell how accessible certain states can be.
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Figure 1.27 Schematic band diagram, density of states, F&inaic distribution, and
carrier concentrations for (a) intrinsic, (bjtype, and (c) fype semiconductors at
thermal equilibrium.Ec and Ey are the conduction band minimum and valence band
maximum repectively;Ey is the band gafEp, Ea, andNp, Na are the energy levels and
density of states associated with the donor and acceptor respectively; the relative density
of carriers associated with- and p dopants are labeled in the last colummaand p
respectivelyReproduced from Sze and Kfg.

There are tree factors that calead tomodification ofthe work function when
attaching interface modifiers, such as phosphonic &tidend dipole (BD)i due to the
chemical bonding of the modifier; geometry rearrangemegni, ) 1 brought about by
changes in the surface geometry after chemisorption,nasidculardipole p«wp) T
induced by the molecular dipole of the attached modifier, which changes only the

vacuum level.
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Equation 1.2 Yo 60 Y%  Y%o

Figure 1.28shows this graphicallyply = Wil Uo (0w is the WF of a virtual
surface of a bare substrate in the modified geometry after chemisorptianoaadhe

WF of the optimized bare substrat?).

- et - ; ; L: :

P

l 1AM
HoNO

Figure 1.28 Wor k function change of agbysurfadeac e
modifier. Modified from Heimelget al®®

While the magnitude of these factors can depend on the coverage, for the
phosphonic acid/ITO system, tmeoleculardipole when using dipolar modifisris the

biggest contributor to the work function charigand can be estimated by

Equation 1.3 Y% ~— ——

whereN is the surface coverage,is the interface dipole contribution from the modifier,
projected along the normal axi§, is the vacuum permittivityand Uy is the effective
dielectric constant, which accosrfor the fact the- is reduced relative to that calculated
for isolated molecules as the coverage increases due to depolarization from the
neighboring dipoles-( S G

In an OLED, as seen iRkigure 1.29 the ionization potential (IP)f the hole
transport layer (HTL) igreater than the work function of the anode (IT@hichcredes
a barrier to hole injection (electron extraction from the HTL to the electrédéipolar

modifier, such as a semifluorinated phosphonic acid, can change the energy level

alignment.Furtherdiscussion is presented below, in conjunction Withure 130.
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Figure 1.29Left: LG OLED TV. Right: basic schematic for the operation of an OLED,
with holes injected from the anode (ITO) into the hole transport layer (HTL), which can
migrate to the emissive layer (EML) to form an exciton with the electrgestéd from

the cathode. The exciton may relax by emitting light corresponding to the band gap of the
EML (minus the exciton binding energy).

Figure 1.3(presents a couple of different scenarios: In (A), an ITO electrode with
an effective work function ofa. 4.5 eV, shows a difference in energy between its Fermi
level and the HOMO of the HTL prior to contact; after electronic equilibrium has been
achieved (B)through charge transfer between ITO and the Hhkre isa decrease in
effective work function dr ITO at the ITO/HTL interface, and movement g¢f{gp into
the conduction band region, | eaddenndC)t o an
the ITO electrodehas beenmodified with a dipolar small molecule modifier that
possesses a strong dipole pointing away from the surface; this resultaanease of the
vacuum level, and hence an increase in the work function of the ITO surface relative to
the untreated ITO, which increases the effective work function for ITO at the ITO/HTL
interface. Contact with the HTL (D) and alignment of the Fermilsevesults in a

decrease in the energyGobarrier for hole in
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Figure 1.30Schematic energy level diagrams for bare ITO (A) contacting a hole transport
layer (B), and also the case where the ITO is modified with a dipolar ma@jiend the

effect on the energy level alignment (D). Before contact, the materials show flat bands,
which bend upon contact to align Fermi lev&sproduced from Hotchkiset al*

1.6 Tuning the surface energy of TCOsinterface modification to promote adhesion

and stability

Semiconducting polymer®f OPVs or OLEDs are solution processed onkgjet
printing or stampingubstrates coated with a conductive film (usually ITO) thraamh
casting, dip coatingtechniques A homogeneous, smooth, pinhdiee film with
controlled thickness is desiredo@l wetting by the solvent and the polymer with the

substrate is neede®hosphonic acids have been used to modify substrates to improve
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wetting and adhesion not only for good film formation but for it to be stable over time

and operationi:

polymer

deposition
) _—
unmodified substrate poor wetting of polymer
increase in
b) temperature

good wetting of polymer poor wetting of polymer

GidHidtidiaade B wadsddsddsdnidnadnad

O
substrate modified with monolayer good wetting of polymer
{more stable to high temperature)

Figure 1.31Wetting scenarios for a polglmer (or other organic) deposited on a flat
substrate. Reproduced from Hotchkissal®

The surface energy)(is a quantification of the imbalance of forces at a surface or
interface Surface energies of differently treated ITOs wpreviously studiedby the
authorduring his MS studiess{gure 1.32.3* These can be obtained from contact angles
with two liquids, and can be broken down into dispersimstéintaneous dipoles) and
polar contributions (H bonds, dipole/dipole, induced dipole). There was a significant
decrease in the surface energy upon phosphonic acids deposition with various R groups
compared tdhat of plasma treatddO. It was also possie to determine that the overall
decreasen surface energyas mainly due to a decrease in the polar component of the
surface energies, given that it is the tail groups which end up defining the wetting

properties.
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Figure 1.32Surface energies (brokento polar and dispersive components) for ITO
cleaned by scrubbing and sonication protocol (DSC), DSC followed by oxygen plasma,
and different phosphonic acids after oxygen plasma pretreatment.

1.6.1Examplesof applicationsin organic electronics

There are numerous studies in which the principles discussed in the previous
sectionshave beerused to modify the electrodes organic electronic devices with the
goal of improving their performance. It is, however, difficult to separate the effects of
work function and surface energy engineering because both are affected by monolayer
deposition. In this section a small review of studies done by others is presented, where

the effects from both work function and surface energy tuning are observed.

One of the ediest reports was that by Appleyard and coworkers for OLEDs,
where shorchain phosphonic acids with polar tail groups were used to modify ITO with
the purpose of increasing the work function ,anahis way reduce the barrier for he
injection and increase builh padential in a device consisting oN, Mi§(3-
methylphenyBN,N&diphenytl , -Aighenyt4 |, -diddnine (TPD) as hole transport layer

and tris(quinolin-8-olato)aluminum (Alg) as electron transport layer. The phosphonic
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acids were deposited from 0.1 mM methétdoroform solvent mixtures, and no
characterization of the resulting film was provided other than work functidnsh were
measured via Kelvin probe, andere compared againghat of solventcleaned ITO
(Table 1.). For a given voltage, the luminanand the external quantum efficiency is

higher for the high work function anodes, and the turn on voltage lower than bare ITO.

OH / OH OH
O o SNE AN
cl I on O,N OH o4 OH

1 (TCPA) 4 (NPPA) 3 (AMPA) 4 (2-CEPA)

Figure 1.33Structures and abbreviations of phosphonic acids used by Appleyaid,

Table 1.1Calculated and measured work functions. The dipole moments were calculated

using a semempirical Hartred=ock geometry optimization and single point calculation
at the PM3 level of approximation. From Appleyaetial

Modifier Work function Calculted dipole, Calculated work function
c hanegleV P Emoi D c hanegleV 04)

4-NPPA 0.303 5.73 0.720

TCPA 0.185 1.76 0.221

2-CEPA 0.179 1.69 0.212

AMPA 10.140 i1.43 i10.179

Table 1.2 Characteristic device performance info using derivatized -délg@trodes.
Device sructure: ITO|SAM|TPD|AlgAl. From Appleyardet al

Device  Threshold Max. luminance Device voltage @ Q.E. @ 300 L.E. @ 300 cd

voltage/V /cd m?/V 300 cd n¥/V cdm?(%) mIYmw'"
4-NPPA 2.0 13120@14 V 7.88 0.91 1.28
TCPA 20 9037@15.6V  8.82 0.69 0.81
2-CEPA 4.0 7120@15.7 V 9.51 0.63 0.92
Bare 6.0 3640@20.5V  13.60 0.61 0.56
AMPA 95 3010@20 V 15.50 0.46 0.30

Besbes and coworkers focused on the wettability of ITO after treatment with 2

chloroethylphosphonic acid QEPA)®’ They characterized the resulting surface via

contact angle using three probe liquids to break down contributions into dispersive, and
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the acidic and basic subcomponents of the polar interaction. Treatment-@EPAR
decreasd the basic component relative to RClaaned ITO.Solventcleaned ITO
treated with 2CEPA afforded the smallest threshold voltages in polymer light emitting
diodes (PLEDs) using a PRdérivative as emissive polymer, and displayed a space

charge limited bhavior rather than injectielimited behavior without the modification.

0.06 | 1 1 |

~ .
E *  acetone cleaning | ©
2 004 7 o e cleaning + SAM . B
E s RCA o 5
< 002 4 © RCA+SAM o o 2 L
% ¢
=
g o -
- o
= P
2 a?
5002 - o -
] <
-0.04 T T T T
-15 -5 0 5 1] 15
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Figure 1.34J/V characteristics of a ofayer PLED made with differently treated ITO:
cleaned with acetone and RCA or modified with CEPA (labeled here as SAM).
Reproduced from Bégs, et al®’

Schwartz and coworkers showed enhanced
guarterthiophen2-phosphonate (4TP) film on ITO via theBAG method mentioned
above, and qloped it with 2,3,5/8etrafluora7,7,8,8tetracyanoquinodimethane 4F
TCNQ). In a first pubcation, they applied this ttl , #ié-(1-naphtyl}N , Miphenyt
1,1-biphenyt4 , -d 6 a mi-NPO)/A[GdDLED !
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Figure 1.35Modification of ITO with 4TPA and subsequent doping, and comparison of
the J/V characteristics of OLEDs made with the differently treated ITOs. Reproduced
from Hansonet al*!

A good comparison of the-AP-modified ITO used in a polymer light emitting
dioded against ITO coated with the usualoly(3,4ethylenedioxythiophene)
poly(styrenesulfonatefPEDOT:PSS) planarizing hoeteansporting polyme would be
reported l&er®® They measured work functions and noticed that while the work function
is higher for the PEDOT:PSS treated ITO, the current and luminance behavior were

similar tothat of the pdoped monolayetreated ITO.
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Figure 1.36Relationship between currents for a given bias and anode used (bare ITO,
phosphonic acktoated ITO, pdoped phosphonic acid coated ITO and PEDOT:PSS
coated ITO). Reproduced from Guat,al®®

The Marder and Kippelen groups have also explored making devices using
phosponic aciinodified ITO. In one study, the effect of applying a dipolar,
semifluorinated phosphonic acid to increasewhek function of ITO was examined.
While the work function was similar to that of air plasma treated ITO, it was much more
stable over time in ambient conditigrihis motivated lifetime studies which showed

improved device stability in luminance and voltage needed to drive the device.

Table 1.3Surface treatment on ITO and resulting work functions and contact angles with
water. From Sharmat al>*

Surface modifier Work function (eV)  Contact angle
Untreated 4.6+0.02 4.63°
Air plasma 5.4+0.06 <10°
OPA RN 4.6x0.03 104+2°
HO—P™ "N
g
FOPA w5/, 5.3+0.04 108+2°
HO—
g F FF F

36



550

5261

T

5.00F

4.75F A

Work function (eV)

450

4251

ry

Air plasma
FOPA
OPA

Luminance (L/L )

1.2]
100 -
0.8}
0.6/
0.4}

0

5000

10000

Time (min)

Figure 1.37Using a semifluorinated alkyl phosphonic acid (FOPA), the work function
and luminance in an OLED device are more stable than using an untreated ITO.

15000

Reproduced from Sharmet, al>*

1.7 Surface-initiated polymerization

\ A Airplasma
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Phosphonic acids can be used to incorporate reactive groups on a surface to serve

as rectants in subsequent chemical reactimetyding grafting of polymer&>’® In the

following subsections, the general motivation for such an approach is presarded,

brief overview of the polymerization types is given, before moving in thegestion to

envisioned applications in organic electronics.

1.7.1Coating substrates with polymers for organic electronics

Polymers have played a central role in the development of organic electronics.
The 2000 Nobel Prize in Chemistry was awarded to Alaager, Alan MacDiarmid and

Hideki Shirakawa for the discovery and development of conductive polymers; their

semi nal

semiconductor

§1—73

wor k

used as electrodes and active materials in organic light emitting

in

t he

at e

197006s

has

diodes (OLEDs), organic photovoltaics (OPVs) and organic field effect transistors

(OFETSs), to name a few technologies that make use of the properties afetineskable

materials. Besides processability, the ability to make-thirg flexible devices with less
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stringent purity requirements than traditional semiconductor technologppsaling.
Non-conjugated polymers have also been of importance when insulating materials are
needed, such as the case of capacitors, the dielectric in field effect transistors,
encapsulants, matrices, diluents, and substrates.

With the traditional solutin-processing techniques, the polymers are adsorbed
only by physical interactions, with the limitations that the films can be destroyed by
delamination, desorption by solvent or displacement by other molecules. In recent years,
the use ofjrafting toandgrafting fromapproaches has extended due to potential benefits
of having a covalent attachment: it can alleviate the problems associated with having only
physical interactions with the substrate, and allows for polymer deposition eftahon

surfaces andapticles Figure 1.33."

(a) Spin Casting or Dip Coating
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Figure 1.38 Approaches for modifying inorganic substrates with organic polymers.
Reproduced from Dyéf.

1.7.2Grafting polymersto the surface

Grafting of polymerdo substrates involves having a functionality on the surface
of the substrate that will react with a functionality on the polytoewhichit will be
exposedUnder appropriateonditions, the polymer will covalently attach to the surface
through that moiety. While the grafting to approach offers the possibility dfyplding

the polymer with good control of the process (in a typical homogenedyragrization),
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the steric hindrance due to the random coil conformation limits accessibility to reach the
surface and react. Hence, the grafting density is'foMt.low surface concentrations, the
chains |ie on the surface and form a fApanc
above a couple of nm. If increased graft density cduddachieved so that the mean

di st don cheetiween attachment sites was small er
D, the conformation would assimilate a mushroom structure. Unfortunately, this is very

unli kely to happen in. the Agrafting toodo me

b

s LA L LA

Figure 1.39Models comparing conformation of random coil (top left) and grafted chains
as a function of grafting density (d) on a surface. Conformation changes from pancake to
mushroom to brush. Reproduced from LeMieetxal. "

1.7.3Grafting polymersfrom the surface(surface initiated polymerization)

To discussthe grafting from strategy it is necessary to firsexamine how
polymers are made methods ca be divided into two differenapproachesin step
growth polymeriations, there is formation of dimers, followed by trimers, then longer
oligomers, and finally long chain polymers in a stepped way such that the degree of
polymerization is low untithe reaction islose to completion (~90%). Every molecular
species caneact with another one, so the monomer is quickly consumed. There is only
one type b reaction throughout (excluding possible side reactions). While a reactive

group could be placed on the surface, there would be no kinetic or thermodynamic
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preference forlte monomers to react with that surface functionality over other reacting

groups in solution; in fact, it woullde less likelyto react with the surfageound species

given the reduced degrees of freedom.

Step Growth P = degree of conversion
DP = Degree of Polymerization
\ /s
SN ; N - - - \
/N / N
-~ N / / - - --—
~ — —
S - N - BP
RN ~ - - -
NN ~ ~N 7 —
\ - - o
s - 7 ~ ~ ~
P = 0% P=30% bP=2
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Figure 1.40Schematic for stegrowth polymerizon and degree of polymerization with
as a function of conversion % (P). Figure courtesy of Gaelle Deshayes.
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Figure 1.41 Synthesis of polyethylene terephthalate and a polyurethane through
condensation and addition (stg@wth).

In the chairgrowth mechanism, initiation of polymerization occurs through

external activation of the monomers; the monomer concentration will decrease
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progressively as the chains grow, and high molecular weights can be obtained even at

low conversion. A general representation is:
M +M T {M™
£, o

Each polymer molecule increases in size at a rapid rate once its growth has started, and
the mechanisms and rates of reactions that initiate, propagate and terminate polymer

growthare different.

R = active center

P = degree of conversion
DP = Degree of Polymerization
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Figure 1.42Schematic for chain growth polymerization and degree of polymerization as
a function of conversion % (P). Figure courtesy of Géaelle Deshayes.

In this case, if the initiating species is only present on the surface and side
reactions are eliminated through proper conditions, long chains of polymers could be
grown from the surface, being able to afford high grafting densities since there would be

no significant hindrance for monomers to reach the propagating site if groainsoc
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simultaneously from all initiating speciés.This could place the polymer in the
mushroom conformation, or even form a polymer brush, with the chains mogtigali

perpendicular to the surfacgigure 1.43.

monomer

catalyst .. cee 3 %e % o o

9¢9 .9 . — ’
599599 5% (¢ s Sf $3¢3 é % 5
55 5555355;)25552;’3 %o ;fgs; 5;5 : ;
~itator onsutace \ ——

Figure 1.43Scheme for surface initiated polymerization from a surface to produce
polymer brushes.

1.8 Applications of polymer grafts to organic electronic devices

1.8.1 Surface-initiated polymerization from BaTiO 3 nanoparticles for cmmposite

dielectrics

In its simplest form, acapacitor is a device thatores energy in the form of
separated charges across a dielectric medium that is placed between two eletiedes
dielectric is an insulator that polarizes in the presence of an electric field, and in the
process it storesnergy electrostaticaltyrat can be released upon connection to a load.
contrasto batteries, no chemical reaction is involved in the gralease of energy.

In the case of linear dielectricdiet maximum energgensityUnax that can be
storedin a capacitordepends on the relative permittivity of the dielectric, and the
breakdown fieldO hwhich is the electric field (voltage over thickness) that the device

can support for charging, above which the dielectric becomes conductive.

Equation 1.4 Tode —EEF
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For most aplications, a compromise between weight, size and energy density has
to be achieved, so research is being done to miniaturize capacitors, reduce their
weight/volume and process them in new ways. Metal oxideomeeommonly used
class ofdielectrics often utilized for transistors and capacitors. Among these, barium
titanate (BTO) thin f ) of A2500 van belobtainedegHroaghtar i ¢
somewhat complex process involving chemical solution deposition followed by high
temperature sintering (90TC) andreoxidation’® Nonetheless, the breakdown field is
very low, and the processing conditions are not compatible with flexible substrates. On
the other hand, polymdrased dielectrics typically have good processabditg high
dielectric strengths, bsuffer fromlow permittivity which limits ther storage capacit{’

For dielectrics in high capacitance OFETs and flexible capacitors, a hybrid approach
combining inorganic oxides and organic materials is suitable, @nipotentially take
advantage ofthe high permittivity of the inorganic inclusions as well as the high
breakdown strength, mechanical flexibility, and solution processability of the organic
polymers’®8°

Within the Center for Organic Photonics and Electronics (COPE) at Georgia
Tech, the approach in this lind esearch has been to use BTO nanoparticles (which
possess dielectric constants of up to ~150 when bare) that have been surface modified
with phosphonic acids that show affinity for dielectric polymers, ball mill (mix via
grinding) the polymer and nanopiates for12 days to make a dispersion, and spin coat a
composite of materials on the substrate affording films with homogeneous nanoparticle
dispersion$?8%82 Good devices have been obtained with this approach, as for instance an
U of 37+2 (@1 kHz) has been obtained with a perfluorinated phosphonic acifletiodi
BTO (50%) + p(VDF-HFP) @ka Viton) (50%) mixture, with high energy density
storage’? Nonetheless, there is still room for improvement in breakdown field and
energy storage, which can be achieved bgventing particlgarticle contact and

reducing voids.
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Figure 1.44 Hybrid dielectric composed of phosphonic acid modified BaTiO
nanoparticles mixed with viton polymer deposited on metallic substrate to use as a
capacitor. Top view and cross sentiSEM images are shown for 60% v/v Ba7i@

pol ymer. Scaf’e bars are 1 em.

If the polymeric componentf the hybrid material were to be grown from the
nanoparticles instead of mixed in, with homogeneous growth and sufficient thickness to
prevent breakdown paths, it could lead to enhaweresin breakdown field? It could
also ease the processing since there would be no compatibilization required with the
polymer matrix since this wdadi be grown from the nanoparticles: a one component
system, with two constituents (the nanoparticles covalently attached to the polymer).
Surfaceinitiated polymerization can occur by several means, including free radical,
cationic, anionic, and ring opery metathesis, among others. Within this list, atom
transfer radical polymerization (ATRP) is currently one of the most popular méthods,
and there is a version of it in which the activators are regenerated by electron transfer

(ARGET ATRPJ>, which offers several advantages and interesting properties:

Provides continuous controlled polymerization
Constant regeneration of the Cu(l) aator by reducing agent

Catalyst levels decreased to ppm from parts per thousands in regular ATRP

o o Do D>

Side reactions of monomer radical with Cu(ll), which affect formation of high

molecular weight polymers, are limited
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A Can be done in limited presence of air.
ks . .
R-X + Cu-X/Ligand —=— _ R' + Cu"-X,/Ligand

- R-R + Cu'-X, / Ligand

_///

Oxidized Agent
Redficing Agent

Figure 1.45 Mechanism proposed by Matyjaszewsldt al. for ARGET ATRP.
Reproduced from Jakuboswki; al®

Chapter 3 of thishesis focuses on the synthesis of Bii@ conjugated polymers
using ARGET ATRP in phosphonic acid monolayer initiated polymerization, as

schematically summarized Figure 1.46

Polymer brushes grown
from the surface

PA deposition 113.2 ; i' § |
.i::, ~Mmonomer ﬁ':h. r’JJ

Bare PA-covered §' \
BaTiO; NPs BaTiO; Fabrication of capacitor
(monolayer) / without mixing in any
additional polymer, no
* High ¢, *Low g, need for ball milling

* Low Eg * High Eg
Figure 1.46Scheme for creation of a one component, tHo@estituent hybd dielectric

that can be used to build capacitors.
1.8.2Growing polythiophenes from the ITO surface

Polythiophene films are used as active layers or-tialesport layers in organic
solar cells, and as semiconductors in organic -éfdct transistor€®’ Covalent

attachment o& polymerto its substate may preclude delamination over time and provide

45



increased thermal stabilif§. The polymer properties can be (beneficially) different from
those obtained by solution processingolpthiophene brushes grown from ITO may
possess desirable optical and electrical properties for OPV applicalionas been
suggested that the performance of organic solar cells employing polythiophenes may be
increasedthrough better organization of the nanoscale morphology of the donor /
acceptor heterojunctidi, and that having the molecular semiconductor covalently
attached to the anode should be highly efficient at collecting cAarge.

The Luscombe group at the University of Washington has made progress toward
external initiation of homogeneous polymerization of high regioregularity poly(3
hexylthiophene), P3HT, by Kumada catalgsinsfer polymerizatioft: They noticed that
a ligand exchange can beedsin order to initiate the polymerization from a catalyst
complex that will gve a controlled polymerizatioz:or example, usingidentate ligands
optimized the rates of oxidative addition, transmkttibn, and reductive eliminatiof.

Their best results have been withcldorotoluene as initiator, with the ligand 1,3
bis(dipherylphosphino)propane  (dppp), which gave 100% initiation, 100%
regioregularity, a PDI of 1.2 and an,§B.8 kDa, GPC) very close to the expected 10.5

91
kDa.
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g
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PPh, 1

Ni(PPh v d ) m Jo\
In-X _Ni(PPha)y In—Ni-x —2RPP In—Ni(dppp) /d .
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3 PPh, X -CIMgX s (dppp)
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Fig%re 1.47Kumada CatalystTransfer Polymerization from halogenated initiator {In
X).

Collaboratve efforts withthe Luscombe group to study if external initiation could

be done with tailoreenade phosphonates and ITO surfaces modified with ploosp
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acidsare discussed in Chaper 4, including design amthssis of initiators monolayer
depositions, polymerization attempts, and XPS analysistefmediates involvedf the
methodology were to be perfected, one could think of building excitoféc cells where

the donor would be grown from the TCO, the acceptor material added in, and the top
electrode deposited to complete a deviEgure 1.48. This could have interesting
properties, including a) higher stability and highly efficient cham&ection due to the

all covalent attachment of the first organic layer, b) having to not to worry about
orthogonal solvents for deposition of subsequent layers to avoid dissolution, and c) the

possibility of new morphologies.

e- donor polymer brush

Mix with e- acceptor

5¢9..3
5%5°9 59 ‘
55735555 3% 335959 5

5.9 % 3355
99959 3575598
555555555

itiator ony ITO

Grafting from Deposit back contact

Organic solar cell

Figure 1.48 Scheme for wface initiated polymerization from a TCO, with potential
applications to organic solar cells.

1.9Doping of graphene for electrode applications

1.9.1Background on graphene

The most common form of carbon on earth @pdite, which consists of stacked
sheets of carbon in a hexagonal structure. Graphene is the name given to a single sheet: a
two-dimensional, one atorthick layer of sp-hybridized carbon. This recently isolated
material has a number of unique propert@sacting interest of scientists and engineers,
and even the general publgincethe Nobel Prize in Physics 20Wasawarded to Geim
and Novoselov, who succeeded in producing, isolating, identifying and characterizing the

material in 2004 and 2008% The other stable allotropes of carbon can be thought of as
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derived from graphene, such as naibets (rolled into cylinders) and fullerenes (folded
into baltlike structures).

The in-plane conductivity of high quality graphene iomparable tothat of
copper (~10q*cm?), while its thermal conductivity is more than 10 times higher than
copper. Itstensile strength is approximately 100 times that of hypothetical monolayer
steel. Since graphene is only a monolayer thick, it is almost transp@réntthroughout
the visible rangey® and is very light, with a density of only 0.77 mg/th The reason
behind these striking properties can be traced back to its 2D conformation and its
electronic structure. Given the periodicity, the band structure of graphene is usually
discussed as an energy.momentum (reciprocal space) graptglre 1.49h The Fermi
surface consists of six double cones, with the Fermi level right at the intersection of the
cones. A density of states can be calculated by summing over the upper and lower bands
in a unit cell Figure 1.4@). Around the K points, the dispersion relation fegcgons
and holes is linear as shownEquation 1.5with a proportionality constant that includes
the Fermi velocityt ithe speed of electrons in graphene, which is 13b8t of light®®
Hence, it is common to represent the band structure of graphene close to the Dirac point

as inFigure 1.50
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Figure 1.49a) Schematof a secti on of a *lpnda gtrbceureéen s h e e
graphené® (c) Calculated density of states for graphene. From Laughlin.

Equation 1.5 0 Q 2fsQ Us

Figure 1.50Cone representation of '~ /egk{=0kands ce
27/ a); work function G is showmnatthessathehe s e

energy as the Dirac poinpEor the undoped sta) and the vacuum level VL.

The first reports from Geim and Novoselov involved graphene exfoliated from
graphite using sticky tape and depositl onto an atomically flat surface for

measurement¥. Other methods for producing graphene have surfaced sincedimgl
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epitaxial growth from SiC% liquid phase exfoliation®* reduction of graphene ae %

molecuar assembly from small molecul€8,and chemical vapor deposition (CVHY.

1.9.2Application as electrode

Although ITO is the dominant material used in transparent conductive films,
many companies are looking to rege it for several reasontie supply of indium is
unreliable, leading to large price surd&stTO is brittle, degrades over tinfparticularly
in touchscreeng)and is not as flexible aswould be ideal forfuture applications.
Graphene has recently emerged apotential alternativeto ITO, and its use as a
conductive film is likely is first commercial application. Its remarkable conductivity
originates in its band structure, which resembles thatofametal t hat t he =~ val
meets the ~* conduct iBesidestheDr%percentitranbparenoy b an d
of a single sheet of graphene, its flexibility, low weight and cheap raw material makes it

very appealing to use as a transparent electt8de.

Table 1.4Comparison of emerging technologies to replace ITO. FrotfJo.

Material T(%) Rs( q / Status Issue

ITO >85 15/ 30 Standard Cost, brittle, corrosion bgalts or acids,
slow vacuum process

Ag nanowire >80 0.4i116 Commercialized, Roughness, environmental stability, ha:

emerging light scattering

CNT 90 50 Emerging High resistance, doping stability
roughness

PEDOT:PSS 80 100 Limited use Electrical/evironmental stability, color
tinge

Graphene 85 400 or more  Emerging High resistance, doping stability

(unoptimized)

Graphene 85 Less tharl00 Emerging More doping up to

(doped) stability

As Table 1.4points out, stable doping of graphene is needed to lower the sheet
resistance to make it competitive with ITO and other emerging technoldgieke 1.5

shows that multlayer stacks of CVD gmhene can give sheet resistances as low as 300
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a/l ,* but commercially available ITO typically has sheet resistaasesl0q /i . Just as

for TCOs, the adjustment of work function for a particular device will be needed. In
Chapter5, doping of graphene ugj submonolayer adgation of redoxactive, solution
processable metalrganics is shown to increase its conductivity and adjust its work
function while maintaining singtayer transparencyaking use of data acquired from

multiple techniques, a moleculpicture can be drawn, such as thafigure 1.51

TaPOIGe 1.5Comparison of key features for use as (transparent) electrode. Modified from
Jo:

Comparison ITO Graphene

Sheet resi®sta Aslowas10 ~125for best CVD
Transmittance (%) 90 ~90

Thickness (nm) 1001 200 1.3 (4 layers)

Failure strain % 213 >10

Manufacturing process Sputtering Coating, transfer, roll to roll

*Note that sheet resistance is the tastg normalized by the thickness; ITO films are much thicker than
graphene films.

1E 4 VL,
P |
‘;‘h‘z P1, —
4 % 1
RN - , Rp
1, 1

z from graphene

k, space

Figure 1.51n-doping of CVD graphene through redox chemistry using a rhodocene
dimer. Changes in electronic structure in reciprocal and real space are shown.

! Theoretically, the sheet resistance of a single graphene Begeshould le related to that of a multilayer
film, Rs,, viaRs, = Rsy/n if all nlayers are acting independently of each other; experimentally, while a
decrease in resistance is observed when stacking layers, it is less than eNmgetttht increasing the
numberof layers causes a concomitant decrease in transparency.
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1.100verview and organization of the thesis

The introduction and background information put forward in thigpter served
to introduce the studies presented in this théSisile the systems probed vary through
the thesis, all lkapters share the mutechnique analytical characterization approach to
gain a more comprehensive understanding of the interfaces involved.

I n Chapter 2, entitled APhosphonic aci
oxi deso, ki net iprotogdical gphosplsonid asidh an [ITOiane gresanted,
for which XPS, UPS and IRRAS are used to give a more complete picture of the results
of different deposition protocols. Application of these protocols using the prototypical
phosphonic acid as well as othdo not only ITO but also solution processed Nabe
presented. The chapter concludes with the results obtained in collaboration with the
Graham group (Mechanical Engineering, Georgia Institute of Technology) on spray
coating phsophonic acids.

Chapter 3e nt i GHafend noAconjugated polymers via controlled radical
polymerization from BaTi@nanoparticle8 dwel | s on process devel
regeneration by electron transfer (ARGET) atom transfer radical polymerization (ATRP)
of styrene and mbylmethacrylate fohybrid dielectric applications

Chapter 4 i S dnitifitead ckeimada Catalyskransfer Polymerization for
growth of polythio p h e n e s  fincasporatds Th® éfforts towards surface initiated
polymerization from ITO films, starting witthe design and synthesis of initiators for
growth of polythiophenes both in solution and from the surface, in conjunction with the
efforts from the Luscombe group (Materials Science, University of Washington).

Chapter 5with the selfexplanatory title Pr oduct i o rRand pdopede avi | vy
CVD graphene with solutieprocessed redeactive metab r gani ¢ speci eso

presents the results from such treatments but also proposes plausible explanations for
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them based on the characterization results friaotiecal measurements, photoemission
and U\AVisible/IR spectroscopies.

Chapter6, AConclusions and outl ooko summar i
dissertation and brings forward some challenges for the deposition, characterization, and
application ofmonolayers omanoparticlestransparent conductive oxides and graphene

for organic electronic applications.
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Figure 1.520rganization of the thesis
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